On the genesis and evolution of Integrated Quantum Optics 

Sebastien Tanzilli,* Anthony Martin, Florian Kaiser, Marc P. De Micheli, Olivier Alibart, and Daniel B. Ostrowsky 

Laboratoire de Physique de la Matiere Condensee, 
UMR 6622 du CNRS et de VUniversite de Nice - Sophia Antipolis, Pare Valrose, 06108 Nice Cedex 2, France. 
(Published : Laser & Photonics Reviews DOI: 10.1002/lpor.201100010) 




Applications of Integrated Optics to quantum sources, detec- 
tors, interfaces, memories and linear optical quantum comput- 
ing are described in this review. By their inherent compactness, 
efficiencies, and interconnectability, many of the demonstrated 
individual devices can clearly serve as building blocks for more 
complex quantum systems, that could also profit from the in- 
corporation of other guided wave technologies. 



PPLN waveguide under red laser illumination. A periodically 
poled lithium niobate (PPLN) waveguide is pumped by a red laser 
for highly-efficient entangled photon-pair generation at a telecom 
wavelength by spontaneous parametric down-conversion. Entangled 
photon-pairs at telecom wavelengths are widely employed for long- 
distance quantum communication applications. © S. Tanzilli. 
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I. INTRODUCTION AND MOTIVATION 

Over the past decade, guided wave optics, in general, 
and Integrated Optics (10), in particular, have been writ- 
ing a new chapter in the ongoing interplay between "pure" 
and "applied" physics. In the 1990's new applications and 
techniques in the field of quantum optics were proposed 
and developed, based on the exploitation of fundamental 
quantum properties such as uncertainty and multiparti- 
cle superposition (entanglement). It quickly became ap- 
parent that the extraordinary technological developments 
generated by the explosion of fiber optic telecommunica- 
tions could provide a powerful enabling technology for 
this emerging field. The object of this paper is to re- 
view how and why one of these technologies, ie., 10, is 
fulfilling this role. 

The new quantum developments usually fall into one of 
two general fields: quantum computing and/or quantum 
communications. The quantum computing field has been 
marked by an enormous number of theoretical papers [3- 
5]. Soon after the seminal paper of Knill-Laflamme- 
Milburn showing that quantum computing was feasi- 
ble using linear optical circuits [6], many experimental 
proofs-of-principle of two-qubit gates [7-9], were quickly 
followed by demonstrations based on 10 technologies. 
Beginning with demonstrations of very elementary func- 
tions [10-13], implementation of more complex algo- 
rithms [14-18] soon followed. Quantum communication 
has been marked by extensive experimental development 
demonstrating, for example and without being exhaus- 
tive, quantum key distribution (QKD) [19-22], quantum 
teleportation [23-30], quantum relays based on entangle- 
ment swapping [31-38], and quantum repeaters [39-41]. 
The development of quantum memories is a subject that 
impacts both fields [42-56]. While all these subjects have 
used 10 technologies, and will be discussed in turn, we 
begin our paper with a discussion of the communication 
aspects which have, we believe, been most strongly im- 
pacted by 10 technology. 

The use of guided wave optics as an enabling technol- 
ogy for quantum optics was dramatically demonstrated in 
the seminal experiment of Nicolas Gisin's Geneva based 
group in 1998 [57]. In this experiment, fibers in the Swiss 
Telecom network were used to perform a Bell inequal- 
ity experiment with the detectors placed in two villages 
separated by over 10km, as shown in Sec. IB. This ex- 
periment clearly showed the benefit of the use of optical 
fibers for transmission of quantum states and strongly 
suggested that other guided wave optical components, 
based on 10 technologies, could provide a powerful tech- 
nological base for such experiments [58-60]. Over the 
ensuing years, this proved to be the case, as we shall 
show in this paper. The majority of devices we shall dis- 
cuss have taken advantage of guided wave optics ability 
to enormousy enhance the efficiency of nonlinear interac- 
tions. This is because it permits maintaining high opti- 
cal power densities over distances far exceeding that per- 
mitted by the diffraction limit; some centimeters for 10, 



many kilometers for fiber optics. In both cases, waveguid- 
ing technology revolutionized the field of nonlinear optics. 
For passive devices 10 has provided a possibility of as- 
sembling many components on a single chip, enormously 
simplifying the realization and use of complex circuits. 

But one cannot forget a problem which has haunted 
10 since its birth: that of coupling the 10 devices to 
beams propagating in fibers or free space. This coupling 
problem has to be taken into account when designing ex- 
periments, and, will have to be solved for 10 technology 
to attain its full potential in quantum optics experiments. 
It is essentially the coupling problem which is responsible 
for the fact that in some experiments, better results have 
been obtained using ordinary bulk optics. While these 
are seminal experiments, it is only through a technol- 
ogy, such as 10, that one can progress towards practical, 
standardized, low cost, inter connect able, and reconfig- 
urable elements. In this sense, 10 should play the role 
for quantum optics and communication as that played by 
integrated circuits in electronics. This is why we will be 
concentrating on 10 technology in this paper. 

We will now begin by briefly presenting one of the 
main inspiration for modern quantum optics and com- 
munication: The Bell experiment. We will then go on 
to discuss in more detail, the seminal experiment that 
served to stimulate the introduction of 10 technology 
into quantum optical experiments. We will then present 
10 sources, and 10 applications to up-conversion detec- 
tors, quantum interfaces, quantum relays, components 
for quantum memories, and hence quantum repeaters, 
the use of 10 for linear quantum computing and finish 
with a discussion of the perspectives and the conclusion. 
This review is not intended to be encyclopaedic. What 
we do intend to do is explain the advantages and disad- 
vantages of integrated optical technology as applied to 
various tasks, while citing work of historical interest as 
well as the current state of the art. 



A. A fundamental stimulus: Bell experiments 

One of the essential inspirations for the recent devel- 
opments in quantum optics was the demonstration of the 
violation of the Bell inequalities in experiments involving 
entangled states of photons. An entangled state is one 
in which, for example, a two-particle system is in a pure 
state, leading to quantum correlations, while each sepa- 
rate particle is in an indefinite state. Such states were 
at the heart of the "Gedanken Experiment" proposed by 
Einstein, Podolsky and Rosen (EPR) in 1935 [61] in- 
tended to prove the incompleteness of quantum mechan- 
ics, since it does not allow the prediction of events by 
assigning actual values for the properties of the individ- 
ual particles. They considered this to be a prerequisite of 
any real situation. However, entanglement leads to the 
prediction of correlations which violate the Bell inequali- 
ties [62] imposed by any local theory and one seems forced 
to abandon EPR's (and most people's) idea of reality and 
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FIG. 1. General schematic of an EPR experiment where a 
and b represent the independent settings of analyzers A and 
respectively. Note that the results are always +1 or —1. 



locality. By locality we mean that events occurring at 
different points in space cannot influence or affect each 
other if they have a space-like separation, ie., the events 
occur separated by time intervals longer than the time it 
takes for light to propagate from one point to the other. 
For the sake of clarity, we now give a brief presentation of 
a EPR-Bell situation. Different pairs of non-commuting 
observables have been used in experiments demonstrating 
violations of the Bell inequalities. These include polar- 
ization, position and momentum, as well as energy and 
time. An example of such an experiment based on polar- 
ization is schematized in Fig.l. 

In such an experiment an entangled photon pair is cre- 
ated at the source and the individual photons propagate 
to two separate analyzers, A and 5, each having two 
possible outputs and whose settings are defined by the 
variables a and h. The settings could be the angle of 
a polarization analyzer, the phase difference between the 
arms of an interferometer, e^c, depending on the concep- 
tion of the experiment. We define the results obtained 
with analyzer settings (a, 6) as A^, ^5, and with ana- 
lyzer settings {a\b') as A^/, ^5/. Values of +1 or —1 are 
assigned to events in which photons are detected in the 
corresponding analyzer outputs and the various coinci- 
dences are counted. If we then define the quantity: 

M=\Aa{Bt±Bt^)\ + \Aa'{BtTBb')\ (1) 

It is clear that we have M < 2 since one of the terms 
in the interior brackets is equal to zero and the other to 
+2 [63]. Hence the observable expectation value of M, 
(M), is also within this bound. This is the Bell, Clauser, 
Horne, Shimony and Holt [64] form of the Bell inequal- 
ity. Any local theory {A depends only on a, 5 depends 
only on 6), even with an arbitrary distribution of addi- 
tional unknown, or "hidden" variables, must yield results 
within this bound. However, over the period spanning 
roughly 1970 to the 1980's, the existence of quantum 
correlations which violate these inequalities were demon- 
strated in several experiments with the results becoming 
ever more precise and convincing [65-68] . With a proper 
choice of analyzer angles, (M) can attain the value of 
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FIG. 2. Schematic of the Swiss experiment. Figure extracted 
from Ref. [57]. 



2V^, which is in perfect agreement with the quantum 
mechanical prediction when maximally entangled states 
are considered. 



B. The initial stimulus for guided- wave quantum 
optics: a Bell experiment using existing fiber optic 
links 

In 1989, Franson proposed a Bell experiment based on 
energy conservation that is well-adapted to a fiber op- 
tic configuration [69]. Pioneering demonstrations of this 
were carried out by a group at Malvern using up to 4 km 
of optical fiber coils but with the entire experiment on 
a single table [70]. It was, however, the Geneva group 
which first demonstrated the "magical" non-locality of 
quantum mechanics with analyzers separated by a dis- 
tance on the order of 10 km, as depicted in Fig. 2 [57]. 

In this experiment the laser was a single longitudi- 
nal mode diode emitting 8mW continuously at 655 nm. 
This beam passed through a bulk potassium niobate 
(KNbOs) crystal which produces parametrically down- 
converted signal-idler pairs at 1310 nm. These pairs are 
energy-time entangled since the pair emission time is un- 
known within the coherence time of the pump laser, and 
since there is an uncertainty about the individual photon 
energies although their sum is well known. But once one 
photon is detected and its energy determined, the energy 
of the second is also determined. The beams then pass 
through a modal and spectral filter to eliminate the pump 
light and limit the signal-idler bandwidth. The pairs are 
then coupled into a 3 dB fiber coupler in which half the 
pairs are split and exit the coupler in separate output 
branches. Each of these outputs is coupled into stan- 
dard telecommunication fibers of the Swiss PTT, going 
to two villages separated by 10.9 km. The analyzers in 
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this case were optical fiber unbalanced, reflective, Michel- 
son Interferometers with phase modulators in their long 
arms, and with only one output flber, connected to an 
avalanche photodiode (APD). These single photon de- 
tectors then trigger laser diodes which emit classical 1 ns 
light pulses which are transmitted back to the central 
station where coincidences are measured. The coinci- 
dences can arise when both of the photons at the distant 
stations pass through the short arms of the interferome- 
ters, or, the long arms of the interferometers. Long-short 
false coincidences are eliminated by choosing a differen- 
tial length (20 cm) between the long and short arms to 
be larger than the discrimination time of the coincidence 
counter. Since the coincidences arise from a sum of indis- 
tinguishable paths (long- long and short-short), quantum 
mechanics tells us to sum the probability amplitudes of 
these events and then take the modulus squared of this 
amplitude as the probability of the coincident event. An 
analysis of this situation shows that the normalized co- 
incidence probability is given by: 



Ve 



cos(0i + 412) 



(2) 



where V is an experimental visibility factor and Lc is the 
individual photon coherence length [71]. In this experi- 
ment the individual photon coherence length was around 
10 nm and the long-short arm length distance on the or- 
der of 20 cm. Therefore, when one varies the arm length 
in either interferometer, changing 0i or (/)2, the corre- 
sponding single photon counting rate does not change. 
However, and this is the magical part, the net coinci- 
dence count rate varies sinusoidally with an 82% visibil- 
ity! It is important to note that a fringe visibility above 
71%, which is the equivalent of M greater than 2 (see 
Eq. 1), proves the existence of entanglement and that 
the quantum correlations persist over 10 km distances. 
In this seminal experiment the source was realized us- 
ing bulk optics. We will now consider in what ways 10 
technology could facilitate this and related experiments. 
We will begin with the most obvious improvement, that 
of quantum sources, and then discuss other potentially 
useful components. 



II. INTEGRATED OPTICAL SOURCES FOR 
QUANTUM OPTICS AND COMMUNICATION 

In this section, we start by outlining the way in which 
10 can be used to produce efficient sources for quantum 
optics experiments. We shall begin with the simplest 
sources, single photon sources, and then go on to describe 
photon-pair sources such as that used in the previously 
discussed experiment, as well as the means of character- 
izing them. 

Single photon sources are necessary for fundamental 
experiments as well as for certain quantum cryptographic 
key distribution protocols, mainly based on the BB84 
protocol [19, 21]. While no perfect single photon state 




FIG. 3. Schematics of a performant QKD system based on 
faint laser pulses and a PLC circuit. LD represents the laser 
diode, IM the intensity modulator, PM the phase modulator, 
ATT the attenuator, PLC the 10 Mach-Zehnder circuit, DET 
1 and 2 the detectors, and TIA the time interval analyzer. 
Figure extracted from Ref. [60]. 



on demand source has been realized to date, a num- 
ber of approximate versions have been produced. These 
include weak laser pulses and Heralded Single Photon 
Sources (HSPS), both of which can be implemented us- 
ing 10 technology, as well as single two-level quantum 
systems, and quantum dots. The essential criteria for 
comparing such sources are the probability Pi of having 
a single photon at a specified time, P2, the probability 
of having two photons rather than one (problematic for 
quantum cryptography), and Pq, the vacuum component, 
as well as the practical feasibility of the source. To be 
brief, weak laser pulses suffer from a high P2 and Pq , sin- 
gle two- level systems from low collection efficiencies, and 
quantum dots from usually functioning at cryogenic tem- 
peratures. Furthermore, the latter two types of sources 
usually function at wavelengths that are not compatible 
with existing telecom fiber networks. However, work in 
this field is continuing, and while overall collection effi- 
ciencies are still relatively low, the progress is promising 
for future improvements [72-74]. 

We now brieffy describe the use of 10 technology for 
the realization of a performant weak laser pulse source 
that was used in association with a Planar Lightwave 
Circuit (PLC) interferometer for quantum key distribu- 
tion [60]. We will follow this with a discussion about 
approaches based on nonlinear 10 devices for the realiza- 
tion of HSPSs and entangled photon-pair sources. 



A. Performant QKD experiment based on lO 
technology 

In 2004, a performant quantum key distribution sys- 
tem was demonstrated making extensive use of 10 tech- 
nology [60] . A schematic diagram of this source is shown 
in Fig. 3. 

In this experiment a CW diode laser (1550 nm) is mod- 
ulated by a classical telecom lithium niobate intensity 



modulator to produce a IGbit/s train of 125 ps pulses. 
These pulses then pass through a lithium niobate (0, tt) 
phase modulator driven by a random pulse generator. 
After attenuation to a 0.1 photon/pulse level the pho- 
tons were sent through 20 km of optical fiber and cou- 
pled into a Mach-Zehnder 10 interferometer based on 
Silica-On-Silicon (SOS) [58, 75-77] technology having an 
arm length delay difference equal to the 1 ns pulse sepa- 
ration time. The single photons exit the interferometer 
through one output arm or the other depending on the 
phase imposed by the phase modulator. With both the 
emitter and receiver parties knowing the arrival time of 
the photons, this allows the distribution of a key. The 
overall performance of this configuration was excellent 
(3000bit/s key creation rate with a 5% quantum bit er- 
ror rate) validating the extensive use of 10 technology, 
both active and passive. The system was later improved 
through another use of 10 technology [78], that of up- 
conversion detectors, that we will describe in Sec. IV. 

These upconversion detectors, as well as the sources 
we will describe in the next sections are all based on 
nonlinear interactions in 10 waveguides which we briefiy 
introduce in the next paragraph. 



B. Waveguide based nonlinear optics 

Today's HSPS's [79], as well as entangled photon-pair 
sources we shall discuss later, usually take advantage of 
photon-pairs produced by Spontaneous Parametric Down 
Conversion (SPDC) in x^^^ nonlinear crystals [80]. In this 
interaction, a single pump photon splits into two lower 
energy photons called the signal and idler photons. For 
the HSPS, the essential point, as already mentioned, is 
that the two photons are created simultaneously, or with 
a known delay, with polarization states imposed by the 
crystal symmetry and the pump beam polarization. Fur- 
thermore, in such a process photon energy and momen- 
tum conservation impose: 



PPLN/W 



pump- 



ers + — CJ^, 
kg -\- ki = kp , 



(3) 



where the indices {p, s, i} stand for the pump, signal, and 
idler photons, respectively. 

In the degenerate case, signal and idler photons have 
equal energies. A continuum of other energy and mo- 
mentum pairs are possible, determined by the dispersion 
relation of the material used, but the essential point is 
that energy and momentum correlations are imposed by 
these two conservation laws. 

The most efficient parametric generators realized to 
date consist of waveguide structures fabricated in peri- 
odically poled lithium niobate (PPLN) [81, 82] or peri- 
odically poled KTP (PPKTP) [83]. In this configura- 
tion, shown in Fig. 4, a periodic reversal of the ferro- 
electric polarization reverses the sign of the second or- 
der nonlinear coefficient to allow Quasi-Phase-Matching 
(QPM) [84, 85]. 
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FIG. 4. Quasi-phase- matched parametric generation using a 
PPLN waveguide. A is the poling period which leads to having 
an additional grating-type K-vector in the phase-matching 
equation. 



With this configuration the phase-matching condition 
becomes kp = kg -\- ki -\- ^ ■ it , where A is the pol- 
ing period, and it a unitary vector along the propaga- 
tion axis. By an appropriate choice of A, one can quasi- 
phase-match practically any desired nonlinear interaction 
within the transparency range of the crystal. Moreover, 
it becomes possible to use the largest nonlinear coefficient 
of the material. In lithium niobate this is the dss coef- 
ficient, which is approximately six times larger than the 
dsi coefficient which must be used for birefringent phase 
matching in bulk devices, or, when we wish to directly 
generate pairs with different polarizations. 

Taking into account the reduction of the QPM conver- 
sion efficiency, compared to birefringent phase matching, 
of a factor of (|:) we obtain an overall improvement of 
a factor of 20 in the conversion efficiency. A particular- 
ity of configurations using the ^33 coefficient is that both 
the signal and idler have the same polarization. If two 
polarizations are necessary, it is still possible to realize 
waveguide generators (by titanium indiffusion, for exam- 
ple) using the lower dsi or ^24 coefficients, which will still 
have higher generation efficiencies than bulk devices for 
reasons we outline in the following paragraph. 

As previously mentioned, the use of a waveguiding 
structure permits confinement of the pump beam over 
the entire interaction length, rather than simply near the 
focal point of a lens, leading to an efficiency improvement 
of one to four orders of magnitude when using pumps in 
the one micron region and sample lengths on the order of 
centimeters. Taking into account the fact that the pump 
to guide coupling efficiency could be on the order of 25% 
(a rather pessimistic value) we still obtain a three order 
of magnitude improvement over the bulk, birefringent ly 
phase matched configuration when using the ^33 coeffi- 
cient and a one order of magnitude improvement using 
dsi. In addition to the increased generation efficiency, 
such sources provide a single transverse mode beam that 
eliminates the problem of post-generation modal filter- 
ing. Furthermore, the relatively narrow spectral widths, 
typically on the order of 40 nm, compared to the 90 nm 
width in the Swiss experiment, reduces by a factor 2 the 
need for optical bandwidth limiting of the signal and idler 
beams. The overall improvement in the raw efficiency 
can be of 4 orders of magnitude, as was demonstrated in 
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FIG. 5. A Heralded Photon Source (HSPS) built around a 
PPLN waveguide generating single photons at 1550 nm upon 
the detection of trigger photons at 1310 nm using a germa- 
nium avalanche photodiode (Ge-APD). Figure extracted from 
Ref. [79]. 



experiments performed in the following years [81, 86]. 

Most of these first 10 source experiments were carried 
out using Proton Exchange (PE) to fabricate guides on 
Z-cut lithium niobate typically realized by substrate im- 
mersion in a benzoic acid bath heated to around 300° C 
during 72 h [87]. This permitted achieving the expected 
3 to 4 orders of magnitude of improvement, when com- 
pared to bulk sources, resulting in a conversion efficiency 
(probability of pair creation per pump photon) of about 
10~^ at telecom wavelengths (1310 or 1550 nm). Simi- 
lar results were obtained near 800 nm using PPKTP [88] . 
Such rubidium, caesium, or thallium ion-exchanged 10 
devices were initiated in the late 80's by J.D. Bierlein 
and collaborators, and good examples can be found in 
Refs. [89-91] regarding both fabrication processes and 
characterization techniques. 



C. Heralded Single Photon Source 

The next type of source we describe is the HSPS. Re- 
garding the history, the idea of the HSPS, ie., taking ad- 
vantage of the detection of one single photon, of the two 
generated simultaneously, to herald the emission time 
of the second photon, is not new. To our knowledge, 
the first HSPS was demonstrated in 1986 [92], after a 
set of experiments performed in Orsay [66, 67] aimed at 
demonstrating the violation of the so-called Bell inequal- 
ities [61, 62, 64]. This HSPS was made using polarization 
entangled photons emitted by a double radiative cascade 
in calcium atoms. Using this source, the Orsay group 
demonstrated single photon interference patterns show- 
ing almost perfect visibilities [92]. 

The HSPS we now describe is based on the use of 
photon-pairs generated in a PPLN waveguide realized by 
PE. A schematic of the overall experiment is shown in 
Fig. 5. 

In the HSPS, a 710 nm laser, operating continuously, 
produces entangled pairs of photons at 1310 and 1550 nm 
respectively. These are coupled into a standard single- 
mode optical fiber and then passed through a tele- 
com fiber-optic Wavelength Division Multiplexer (WDM) 
which separates the photons. The 1310 nm photon is con- 
nected to a Ge-APD and upon detection a pulse is gener- 



ated that announces the arrival (after delay by one hun- 
dred meters of fiber) of the 1550 nm photon in the single- 
mode telecom output fiber. This is the desired single 
photon that can be used for quantum cryptography, or 
other quantum manipulations, implementing transmis- 
sion over existing telecom networks. By measuring the 
counts at the output of the fiber when the trigger photon 
has been detected we measured the conditional Pi to be 
37%. This is mainly due to the low (bulk optics) cou- 
pling efficiency between the guide and the fiber (58%), 
and dark counts from the Ge-APD that impacts the pa- 
rameter Pq. Both of these limitations can be overcome, 
to some extent, by the use of existing technologies. The 
collection efficiency could be seriously improved by cor- 
rectly pigtailing the output fiber to the waveguide, and 
the dark counts could be greatly reduced by generating a 
photon-pair at 810 and 1550 nm, respectively. This would 
enable using a silicon APD to detect the trigger photons, 
greatly reducing the dark counts, and increasing the de- 
tection efficiency, which has already been demonstrated 
with bulk optics [93]. 

Inserting a beam-splitter after the fiber output and 
counting coincidences allows measuring P2 which was 
on the order of 5 x 10~^ in our experiments, which for 
equivalent Pi, is four times better than with weak laser 
pulses [79]. Nevertheless, the heralded photons produced 
by the above-mentioned devices are not in a true single 
photon state. Such a state would be a Fock state with 
only one photon, in the absence of any vacuum state 
or multi-photon state contributions. While, to the best 
of our knowledge, no such generator has been realized 
to date, there have been several suggestions made based 
on cross-phase modulation [94] or type-II downconver- 
sion in a KTP waveguide without periodic poling [95]. 
Both propositions present interesting possibilities for fu- 
ture developments. 

The only essential characteristic of photon-pairs nec- 
essary for the functioning of HSPS type sources is the 
emission of the two photons, simultaneously, or with a 
programmable delay between them as in the Duan-Lukin- 
Cirac-Zoller (DLCZ) protocol [40, 96]. We will now go on 
to discuss the cases where entanglement is an essential 
requirement. 



D. Entanglement sources, photon-pair production 
and characterization 



The demonstration of the use of 10 technologies to 
remarkably increase photon-pair production efficiencies 
was rapidly followed by the demonstration of pair en- 
tanglement (quantum interference), at both telecom and 
visible wavelengths. When comparing in detail the vari- 
ous devices we will discuss, one has to keep in mind their 
intended applications. Nevertheless, the recent trend has 
been in the direction of maximizing spectral brightness, 
to permit very narrow filtering, while maintaining a rel- 
atively high efficiency and acceptable counting rates in 
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FIG. 6. Simplified setup for generating time-bin entan- 
gled photon-pairs. A preparation interferometer placed in 
the path of the pump pulses permits creating coherent su- 
perpositions of time-tagged states, of the form |^pnmp) = 
-^(\short) e^^\long)^. In the following, a photon taking the 
short path is identified as a |0) and a photon taking the long 
path is identified as a |1). Then, when such a state super- 
position goes through a nonlinear crystal, photon-pairs can 
be emitted either from the early or from the late pump pulse 
possibilities, subsequently leading to an entangled state of the 
form l^pazr) = 7f(|0)jO)^ + e^^|l)Jl)J. In this scheme, two 
other interferometers, having varying phases (\)a and re- 
spectively, are necessary for revealing entanglement, as is the 
case in the Franson configuration [69] (see Sec. IB). Figure 
extracted from Ref. [99]. 



experiments. 10 sources are so efficient that it is neces- 
sary to avoid creating multiple pairs. Already published 
review papers of the field can be found in Refs. [97-99]. 

10 based entanglement sources naturally followed ear- 
lier reported experiments aimed at generating energy- 
time entanglement based on CW pump lasers (see Sec. I B 
and Ref. [57]), or a powerful variant called time-bin en- 
tanglement. As opposed to energy-time, time-bin entan- 
glement enables having clocked experimental realizations 
since it permits the use of pulsed pump lasers through 
the implementation of a preparation interferometer to 
create time-tagged coherent superpositions of states, as 
depicted in Fig. 6 (see caption for details) and discussed 
in the seminal paper published in 1999 by the Geneva 
group [100]. 

In the following years, many other entangled photon 
pair sources were demonstrated. Among them were: 

• In 2001, two new sources based on type-0 (the three 
fields have identical polarizations) PEiPPLN wave- 
guides, one from a Tokyo group [86], the other from 
a Geneva/Nice collaboration [81], were demon- 
strated. The source from Tokyo dealt with pho- 
tons at 854 nm and led to a two-photon interference 
raw visibility of 80% when testing energy-time en- 
tanglement in a Franson configuration [57, 69] (see 
Sec. IB for more details on Franson- type experi- 
ments). 



Conversely, the Geneva/Nice source dealt with pho- 
tons in the telecom range (1310 nm) [81] and led, in 
2002, to demonstrations of energy-time and time- 
bin entanglement showing 97% and 84% net visi- 
bilities, respectively, when a Franson configuration 
was used to test the entangled states [82] . The lat- 
ter source was then used for demonstrating the dis- 
tribution and preservation of non-maximally time- 
bin entangled states over 11 km of optical fiber. 

• More recently, a slightly modified version of this 
source, emitting paired photons at 1310 and 
1550 nm wavelengths, led to a 98% net visibility 
two-photon interference for maximally energy-time 
entangled states. This source was the initial key 
element for the demonstration of the first entan- 
glement quantum interface which we will discuss in 
Sec. IV [101]. With these new 10 sources, a com- 
mon feature demonstrated was a much higher raw 
pair production efficiency, ie., an improvement of 
more than 4 orders of magnitude when compared 
with sources based on bulk nonlinear crystals [81]. 
This opened the way to more complex experiments, 
e.^., in which more than two photon-pairs are to be 
produced at the same time, or when very narrow 
photon-pair filtering is necessary. 

• Following this idea, a new generation energy- 
time entanglement source was subsequently demon- 
strated by the Geneva group in 2007, aimed at 
entangling independent photons by time detec- 
tion in a quantum relay configuration (see Sec. Ill 
for more details on quantum relay operations). 
Such an experiment required extremely long co- 
herence time photons obtained by dramatically fil- 
tering (~10pm) light emitted by PPLN waveguide 
based sources. This permitted the demonstration 
of two-photon quantum interference, the so-called 
Hong-Ou-Mandel (HOM) dip [102], using photons 
from two autonomous sources, pumped by different 
rubidium-stabilized CW lasers [103]. 

• Several years after the first 10 based energy-time 
entanglement sources appeared, the first 10 based 
polarization entanglement sources were announced. 
That was an important step since the seminal pa- 
pers, dealing with photon-pairs emitted via double 
atomic radiative cascades and demonstrating vio- 
lation of the Bell inequalities were based on polar- 
ization entangled states [65, 66]. Note also that 
many polarization entanglement sources based on 
bulk nonlinear crystals were reported in the litera- 
ture. They proved that nonlinear optics could be a 
very efficient, reliable, and compact means to gen- 
erate entanglement. Good examples are given in 
Refs. [83, 104-106]. 

• In 2003, the first demonstration of an 10 based po- 
larization entanglement source was made using two 
PEiPPLN waveguides mounted in a Mach-Zehnder 



8 



Time-bin entangled photon pair 
(H polarization) 



Time 



At 



QWP 



BS 



7^ 



\VV) 



^\hh)+\vv) 

i 

HH 

MIL 



Time 



FIG. 7. Schematic diagram of the time-bin to polariza- 
tion entanglement conversion experiment. The conversion is 
based on a Michelson-type arrangement, taking advantage of 
a beam-splitter (BS) and a quarter- wave plate (QWP). Figure 
extracted from Ref. [108]. 
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FIG. 8. Experimental setup of the source and analysis system 
from Ref. [113]. The pairs of circles represent pairs of pho- 
tons with their associated polarization quantum states, after 
the birefringence compensation system and after the beam- 
splitter (output of the source). P: prism used to filter out 
any infrared light coming from the laser; I: optical isolator; 
L: lenses; PPLN/W: periodically poled lithium niobate wave- 
guide; FBG: tunable fiber Bragg grating filter centered at 
1310 nm with a bandpass of 0.5 nm; C: fiber optical circu- 
lator; PC: polarization controllers; PBS: polarization beam- 
splitters; QWP: quarter wave-plates; BS: 50/50 coupler; SB: 
Soleil-Babinet compensator; HWP: half wave-plates; D: sin- 
gle photon detectors; and &: AND-gate that can be placed 
between any two detectors depending on the performed mea- 
surement. Figure extracted from Ref. [113]. 



interferometer configuration. This allows superim- 
posing, using suitable half wave-plates and polar- 
ization beam-splitters, pairs of orthogonal states 
of polarization [107]. This way, a pair of pho- 
tons coming out of such a device are either in 
the \H^H) state or in the state, with equal 

probabilty amplitudes, therefore producing the Bell 
state = ^ [\H,H) ± \V, V)]. The paired pho- 
tons were generated at 1550 nm with a bandwidth 
of 30 nm. By applying a phase shift in one arm 
of the interferometer, a net visibility of 94% was 
obtained. 

• In 2005, a means of converting time-bin entan- 
glement to polarization entanglement was demon- 
strated, but with a limited net visibility of 
82% [108]. A pair of horizontally polarized pho- 
tons, that have been time-bin entangled using an 
10 amplitude modulator in conjunction with a CW 
source, enters the structure depicted in Fig. 7. In 
this case, post-selection permits extracting the de- 
sired polarization entangled state. 

• In 2007, a polarization entanglement source using 
two cascaded type-I PPLN waveguides mounted in 
a Sagnac fiber loop to permit generating 757 nm 
pump photons via two-photon upconversion from 
1515 nm, followed by non-degenerate pair genera- 
tion at 1431 and 1611 nm was realized, again to 
produce the Bell state |<l>^) [109]. A net visibility 
of over 90% was obtained with this device. 

• Again in 2007, the first demonstrations of gen- 
erating polarization-entangled pairs using type-II 
phase matching in a Ti indiffused PPLN waveguide 
was reported and used to produce the Bell state 
l^"") = ^^[\H^V)±\V,H)] [110, 111]. While, as 



expected, the efficiencies where lower than that ob- 
tained with type-0 interactions due to the imposed 
use of a less efficient nonlinear coefficient, a net 
visibility of over 90% in a Bell test, with an overall 
efficiency of 5.3- 10~^^ and a spectral width of 1 nm, 
was obtained in Ref. [110]. 

• In 2010, our group, in collaboration with re- 
searchers from the University of Paderborn, was 
able to produce pairs in this configuration that were 
characterized with both HOM-dip and Bell mea- 
surements, and net visibilities of nearly 100% were 
obtained in both cases [112, 113], using a discern- 
ability compensation stage. In this realization de- 
picted in Fig. 8, the photon's bandwidth was 0.5 nm 
for an overall conversion efficiency of 1.1-10"^. 

• Another experiment based on a PPKTP waveguide, 
showed performances as high as these [114, 115]. 
All the above mentioned sources employ perfectly 
degenerate paired photon; otherwise entanglement 
would be partially or totally lost. They rely on a 
beam-splitter to separate the twins, leading to a 
loss of 50% of the created pairs. To compensate 
for this loss issue, a cascade of two QPM grat- 
ings was used on a Ti:PPLN waveguide to pro- 
duce non degenerate paired photons still sharing 
the 1^^) Bell state [116]. Here, the key point lies 
in the fact that the two gratings offer two phase- 
matching conditions and non-degenerate polariza- 
tion entanglement is found where the two phase- 
mat chine: curves cross each other. In this case, a 
net visibility of 70% was obtained in a Bell test. 
Following the same idea, note that a theoretical 
proposal has been reported in Ref. [117], in which 
polarization entangled photons at non-degenerate 
wavelengths can be produced using a type-II aperi- 
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Wide arm — idler 



FIG. 9. Asymmetric Y junction device for parametric down 
conversion. Figure extracted from Ref. [118]. 

odically poled lithium niobate waveguide, i.e., us- 
ing a poling structure that is the convolution of two 
grating periods. Both the latter schemes greatly 
simplify the one discussed above involving two cas- 
caded type-I PPLN waveguides, releasing the con- 
straint of having an interferometric setup [109]. All 
these demonstrations clearly indicate the promise 
of such 10 devices as sources for quantum com- 
munication protocols, in terms of high generation 
efficiencies but also in terms of QPM engineering. 
Finally note that Ref. [113] provides the reader with 
a quite exhaustive review of such type-II sources. 

• In 2007, the first photon-pair source incorporat- 
ing functional integration appeared. In this de- 
vice, reverse PE guides were used to realize a de- 
vice having a two-mode section in the PPLN fol- 
lowed by an adiabatic Y junction serving as an in- 
tegrated modal beam-splitter [118]. A schematic 
of the device is given in Fig. 9. A 780 nm wave- 
length pump beam is coupled in the TMqo mode 
through the narrow input arm of the Y-j unction 
and is adiabatically converted into TMio mode of 
the central waveguide containing the QPM grat- 
ing. The pump then traverses the QPM grating 
generating photon-pairs in different spatial modes 
(signal in TMio and idler in TMqo, respectively). 
The idler photon in the TMqo mode exits via the 
wide branch of the Y-j unction's output port, while 
the signal photon in the TMio mode will be cou- 
pled into the narrow output branch. Both out- 
put modes are then adiabatically transformed to 
identical TMqo modes. Reverse PE results in a 
somewhat buried and more cylindrically symmetric 
guide which should improve guide-fiber coupling. 
The device was operated at 10 GHz and had a co- 
incidence to accidental pair counting ratio of over 
4000, but no measurements of entanglement or ef- 
ficiency were reported. 

E. Other source technologies 

In this section, we will briefly cite several interesting 
related types of sources. 

Following a suggestion of Lin and Agarwal [119] some 
sources have been realized based on a relatively new 10 
technology, that of silicon nano-wire waveguides [120- 



122]. Typically, guides are fabricated on a Silicon-On- 
Insulator (SOI) wafer with a Si upper layer deposited 
upon a several micron thick layer of Si02. The guides are 
several hundred nm thick and on the order of 500 nm wide 
with lengths on a cm scale. Such structures push the idea 
of high confinement to an extreme, since they result in 
sub-micronic cross-section (~0.1/im^) guides leading to 
extremely high power densities. The pairs are generated 
by four-wave mixing in the guides and effective nonlin- 
earities as high as 10^ (W.km)~^have been reported due 
to the high power density [121]. Quantum measurements 
have led to fringe visibilities on the order of 95% without 
correction [123]. There remains a problem of sponta- 
neous Raman noise with these devices but they certainly 
suggest a new direction for both active and passive 10 
technology. 

Another interesting source, based on an integrated Al- 
GaAs semiconductor ridge microcavity, emitting counter- 
propagating twin photons in the telecom range has re- 
cently been demonstrated. Relying on type-II SPDC and 
working at room temperature, the latter source produced 
twin photons showing a natural bandwidth as narrow as 
0.3 nm, which led to a visibility figure of 85% when mea- 
sured via a HOM setup [124]. 

Note that semiconductor quantum dots surrounded by 
micropillars have also been widely investigated over the 
past ten years. Although the related developments are 
beyond the scope of this paper, the reader can find perti- 
nent examples of this very active field in Refs. [73, 125- 
128]. 

Another type of single photon emitters have been 
developed using nitrogen-vacancy centers in diamond. 
The reader can find interesting and recent examples in 
Refs. [72, 129-131]. 

Finally, there have been many sources based on non- 
linear x^^^ fibers as well, either relying on Dispersion- 
Shifted Fiber (DSF) or Photonic Crystal Fiber (PCF) 
technologies, but only a few emitting at a telecom wave- 
length [132-134]. These fibers have been employed to 
realize either HSPS or entanglement sources. One of the 
most relevant and recent realizations produces telecom 
entangled photons via bichromatic pulses pumping a DSF 
placed in a Sagnac loop aligned to deterministically sepa- 
rate degenerate photon pairs [134]. The authors obtained 
a state fidelity to the nearest maximally polarization en- 
tangled state of 0.997 when subtracting background Ra- 
man photons, multiple pair generation events, and acci- 
dental coincidences initiated by detector dark counts. In 
this experiment, note that the Raman effect was globally 
reduced by cooling the fiber to a temperature of 77 K 
(liquid nitrogen). 
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III. APPLICATIONS OF INTEGRATED 
OPTICAL SOURCES AND GUIDED- WAVE 
OPTICS AS ENABLING TECHNOLOGIES FOR 
QUANTUM RELAY OPERATIONS 

For the realization of quantum networks, interfer- 
ence between photons produced by independent, or au- 
tonomous, sources is necessary. From the fundamen- 
tal side, photon coalescence (or two-photon interference) 
lies at the heart of various quantum operations, such 
as quantum logic gates (see Sec. VI) and relay func- 
tions [102, 135-138]. In particular, this purely quantum 
effect is seen as a preliminary step towards achieving 
quantum teleportation [23-30] and entanglement swap- 
ping [31, 33-38] that are the fundamental protocols un- 
derlying quantum relays [32]. 

From a more applied side however, as we will discuss 
in Section IV A, the maximum achievable distance for 
quantum communication links is mainly limited by the 
inherent dark counts in the employed single photon de- 
tectors. To extend the distance, photon amplification, 
as used in standard telecommunication networks, is not 
possible since the need here is not to duplicate the num- 
ber of photons, but rather the qubit they carry along the 
quantum channel. It is known that copying, or cloning, 
an unknown qubit with a perfect fidelity is prohibited 
by quantum physics [139, 140]. Note that the no-cloning 
theorem, as initially depicted in Ref. [139], lies at the 
heart of QKD in the sense that it prevents an eaves- 
dropper from copying the distributed qubits between the 
authorized parties [19, 21]. 



A. Quantum relays based on the entanglement 
swapping scheme 

Physicists soon realized that quantum teleportation 
and entanglement swapping could provide a means to- 
wards extending the maximum achievable distance of 
quantum communication links [32]. To help the reader 
understand the related key points. Fig. 10 presents the 
principle of a quantum relay scheme based on an entan- 
glement swapping configuration. Here two autonomous, 
properly synchronized, entanglement sources, associated 
photon-pair filtering stages, and a 50/50 beam-splitter 
are interconnected. One photon from each source, the 
outer one, is sent to one of the users, i.e., Alice or Bob, 
while the two inner photons are sent to the beam-splitter. 
This beam-splitter enables coupling the two latter pho- 
tons to provide the necessary entangling operation pre- 
liminary to the swapping scheme and relay function (see 
caption for details). In principle, the quantum relay func- 
tion enables reducing the SNR of a quantum link by 
"simply" projecting, upon a joint measurement, two inner 
photonic qubits that have no common past onto an en- 
tangled Bell state. This so-called Bell state measurement 
(BSM) can subsequently serve as a trigger for the final 
detectors placed at both ends of the link, therefore im- 
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FIG. 10. (a) Principle of the quantum relay scheme based 
on entanglement swapping. This scheme involves two pairs 
of entangled photons emitted by two synchronized sources 
and their associated spectral filtering stages. The two inner 
photons are sent to a 50/50 beam-splitter (BS) where a Bell 
state measurement (BSM), based on two-photon interference, 
is performed. Using dedicated electronics, entanglement can 
be swapped from these photons to the outer ones making Al- 
ice and Bob connected by entanglement, as if they had each 
received one photon from an entangled pair directly. The 
BSM serves as a trigger for Alice and Bob's detectors so that 
four- fold coincidences are recorded, (b) Example of a proof-of- 
principle quantum relay experiment developed in our group 
operating at telecom wavelengths for long distance applica- 
tion. The setup is based on a single ps-regime laser and two 
PE:PPLN waveguide sources. The filtering stages are made 
using performant telecom components such as fiber Bragg 
gratings (FBG), fiber-optics circulators (C), and a 50/50 fiber 
coupler. The photon-pairs are emitted around 1550 nm and 
detection is ensured by InGaAs-APDs. Figure extracted from 
Ref. [38]. 



proving the SNR and making it possible to increase the 
maximum achievable distance. This is another example 
where fundamental principles turn out to be attractive 
for "real world" applications. 

The first key point to note in this schematic is the fact 
that the two entanglement sources have to be properly 
synchronized so as to avoid any temporal distinguishabil- 
ity between the two inner photons that are subjected to 
the BSM. Otherwise, the resulting entanglement carried 
by the two outer photons would be imperfect. Theoreti- 
cally, the two inner photons can come from any type of 
source, provided they are identical at the beam-splitter 
(BS) (pre-selection) or at the detectors (post-selection). 
From the experimental side, we have to compare their 
coherence time, Tcoh? to the time uncertainty, tuncert. 
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within which they are created (i.e., the pulse duration 
of the pump laser (s)) or are detected (detector's timing 
jitters), which can be written as: 



'^coh — ^uncert- 



(4) 



Suitable bandpass filters are therefore employed to 
achieve optimal interference visibilities. Up to now, this 
issue has been addressed using different approaches based 
on pulsed or CW lasers. 

Synchronizing two remote sources is far from sim- 
ple and is highly dependent on the employed operation 
regime, i.e., whether the pump lasers are CW or deliver- 
ing femtosecond (fs) pulses or picosecond (ps) pulses. Of 
course, the CW regime requires no a priori synchroniza- 
tion at all, whereas two fs or ps lasers necessitate, at least, 
several fs and sub-ps synchronization accuracy, respec- 
tively [36, 38, 141]. Without being exhaustive, there have 
been several reports of entanglement swapping schemes 
for quantum relay applications based on either bulk crys- 
tal sources [31, 33, 36] or guided- wave (crystal or fiber) 
sources [34, 35, 37, 38]. Basically, bulk crystal generators 
were associated with the fs regime of operation, whereas 
guided- wave generators were mainly associated with CW 
and ps regimes. This is due to the fact that CW and ps 
regimes require much narrower spectral filtering stages 
than the fs regime. Orders of magnitude for these fil- 
ters are several nm, hundreds of pm, and tens of pm, for 
the fs, ps, and CW regimes, respectively. These filter- 
ing stages represent the second key element since they 
prevent, in addition to the synchronization procedure, 
any temporal distinguishability between the inner pho- 
tons (see Fig. 10). A pertinent discussion of these details 
can be found in Ref. [38]. As a consequence, it is there- 
fore necessary to employ sources showing much higher 
photon-pair generation efficiencies to permit reasonable 
four- fold coincidence rates. In other words, it is the nor- 
malized brightness, i.e., the number of pairs generated 
per second, per mW of average pump power, and per 
GHz of bandwidth, which matters for the sources. Evi- 
dently, one has to take care to avoid multiple pair pro- 
duction which would reduce the quality of the measured 
entanglement. For more details, see Refs. [142, 143]. 

In the following, we shall focus on guided-wave real- 
izations, i.e., implying sources based on 10 or fiber opti- 
cal technologies, for which high photon-pair brightnesses 
were a third key ingredient necessary to obtain coinci- 
dence rates as high as possible, both in the CW and ps 
regimes of operation. 

In 2007, the Geneva Group demonstrated a fully in- 
dependent source quantum relay in the CW regime [34]. 
Using two CW 780 nm lasers stabilized against rubidium 
cells and two PEiPPLN waveguides, energy-time entan- 
gled photons were generated around 1560 nm and sent to 
fiber Bragg grating (FBG) filters having bandwidths as 
narrow as 10 pm for each source. They obtained a two- 
photon interference pattern showing 84% net visibility for 
the inner photons when indistinguishability was tested 
in the HOM configuration [102], and subsequently an in- 
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FIG. 11. HOM-dip result for the experiment of Fig. 10(b), 
where the fourfold coincidence rate is plotted as a function 
of the relative delay, 6t, between the interfering photons. We 
clearly observe a dip for 6t — that reaches the noise level. 
The Gaussian fit of the interference pattern shows a net visi- 
bility of 99% d= 3%. One of the two-fold coincidences, related 
to one of the sources, after the BS, is used to verify that this 
figure is constant. Figure extracted from Ref. [38]. 



terference pattern of 63% visibility when the resulting 
swapped entanglement was measured on the outer pho- 
tons using a Bell test in the Franson configuration [69]. 
These results are very promising since the two sources 
are truly autonomous. 

In 2007 and 2009, two fiber-optic solutions have been 
implemented, one relying on microstructured fibers emit- 
ting photons in the visible band associated with 300 pm 
filters (Bristol University) [35], and the other on DSFs 
emitting photons in the telecom range associated with 
200 pm FBG filters by an NTT group [37]. It is also 
worth noting the demonstration of intrinsically narrow- 
band fiber sources allowing heralding one photon in a 
pure spectral state and, hence, rendering narrowband fil- 
tering unnecessary [144]. In each experiment, two sep- 
arated fiber generators were pumped using a single ps 
regime laser. Both experiments showed HOM-dips hav- 
ing raw visibilities of 88, 64 and 76%, respectively. In 
addition, the NTT experiment showed an interference 
pattern of 41% raw visibility when the resulting swapped 
entanglement was measured on the outer photons using 
a Bell test. 

More recently, our group realized an experiment based 
on two separated PE:PPLN waveguides pumped by a sin- 
gle ps regime laser. Pairs of photons around 1550 nm were 
generated in each waveguide and the inner photons (see 
Fig. 10(b)) filtered down to 200 pm thanks to FBG fil- 
ters. The obtained results were of excellent quality since 
two-photon interference was observed in a HOM config- 
uration, with a dip having a net (raw) visibility as high 
as 99% (93%), as shown in Fig. 11 [38]. 

Such proof-of-principle experiments emphasize why 10 
and guided-wave technologies, implemented both in the 
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ps and CW regimes, should lead to realistic quantum 
relay schemes, namely by offering a reduced-constraint 
solution for the synchronization issue, compared to the 
fs regime, when two completely independent pump lasers 
are employed. Taking advantage of very high efficiency 
sources associated with high-end telecom components, 
such as FBG filters, was of utmost importance for all 
the realizations discussed above so as to ensure simulta- 
neously a high degree of indistinguishability and a high 
overall brightness (see Ref. [38] for a detailed compari- 
son). Eventually, the use of the fs regime method comes 
with two drawbacks. On one hand, it requires a proper 
synchronization of the two remote sources to around 10 fs 
accuracy, as mentioned above. If the electronic synchro- 
nization of two fs sources has been achieved in the labo- 
ratory [36], this would be difficult in a setting where the 
sources are far away from each other. On the other hand, 
the major downside with such a regime of operation lies 
in the need for an accurate matching of the path lengths 
from both sources to the BSM apparatus, ie., to within 
the coherence length of the interfering, or inner, photons 
(see Fig. 10) [145]. Conversely, the main advantage of the 
ps and CW schemes amounts to having higher coherence 
time/length paired photons, thus reducing the need for 
path length stabilization. 



channels along which photonic qubits travel [97], and for 
example, of atomic or ionic ensembles having transitions 
in the visible range and dedicated to storing and pro- 
cessing the qubits [43, 44, 52, 53, 160, 161]. Such quan- 
tum interfaces should allow transferring the qubits from 
one photonic carrier to another, i.e., provide a wave- 
length adaptation between photons and atomic transi- 
tions, while maintaining the quantum coherence of the 
initial state [101, 162-164]. Without being exhaustive, 
note that quantum teleportation can also provide coher- 
ent qubit wavelength transposition, as demonstrated in 
Ref. [28] between two photons lying in telecom bands 
(1310 to 1550 nm), and proposed in Ref. [165] between 
a telecom photon (1530 nm) and a rubidium cold atomic 
ensemble (780 nm), respectively. Finally note that four- 
wave mixing can also be used for such coherent wave- 
length conversions. This has recently been demonstrated 
using a cold atomic ensemble [166]. 

In any case, the role played by 10 technologies, espe- 
cially when based on PPLN waveguides, has been cru- 
cial for all the schemes considered below since they pro- 
vided outstanding wavelength conversion probabilities, 
but also, thanks to better integration technologies, im- 
proved propagation loss figures. 



IV. UP-CONVERSION DETECTORS AND 
QUANTUM TRANSPOSITION OPERATIONS 
BASED ON COHERENT WAVELENGTH 
CONVERSION 

In this section we discuss quantum optics and com- 
munication experiments based on other nonlinear opti- 
cal processes than SPDC which is, as discussed in Sec- 
tion II, widely used to produce entangled photon-pairs. 
In particular, we will consider sum and difference fre- 
quency generation (SFG - DFG) processes. SFG, or 
up-conversion, has been employed for converting single 
photon wavelengths from the telecommunication bands 
(1310 and 1550 nm) to the visible band (below 800 nm), 
making it possible to use Silicon avalanche photodi- 
odes (Si-APDs) that are not sensitive at telecom wave- 
lengths [146-156]. In this case, advantages are multi- 
ple since Si-APDs show much better performance than 
Indium- Gallium- Arsenide (InGaAs) APDs usually em- 
ployed for telecom detection [157-159]. 

SFG, and more recently DFG, have also been investi- 
gated to perform quantum transposition operations when 
it is necessary to coherently transfer qubits carried by 
a photon at a given wavelength to another wavelength. 
Here by "coherently" we understand that the quantum 
superpositions of states involved in the single or entan- 
gled qubits have to be maintained with a near unity fi- 
delity during the nonlinear process. These operations, or 
quantum interfaces^ are of particular interest for connect- 
ing different nodes of a quantum network. Basically, such 
networks are made both of distribution telecom quantum 



A. Up-conversion detectors based on integrated 
optics for telecom single photons 

1. A bit of history: detecting NIR and MIR photons 



The idea of up-conversion detectors, i.e., converting 
signal wavelengths, by means of nonlinear optics and ded- 
icated pump lasers, to other wavelengths where better 
detectors are available is not new, and was proposed far 
before quantum communication, and related detection 
problems, appeared. In 1959, before the laser was demon- 
strated and the principles of nonlinear optics published, 
N. Bloembergen already discussed an "infrared quantum 
counter" based on optically pumped up-conversion in 
four-level ion-doped medium associated with a photo- 
multiplier [167]. Without being exhaustive, the litera- 
ture already reported, at the end of the 60's, quite com- 
plex up-conversion detectors based on nonlinear optics. 
Midwinter et al. took advantage of a lithium niobate 
bulk crystal [168] for detecting NIR photons while An- 
derson et al. utilized state-of-the art 10 technology with 
GaAs waveguides for detecting MIR photons [169]. Note 
that more recently, an MIR up-conversion detector has 
been developed by the Geneva group using PPLN to en- 
able free-space quantum cryptography at 4.06 /im wave- 
length [152]. 
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2. Why use up-conversion detectors for quantum 
communication ? 

In the case of quantum communication over long dis- 
tances, optical fibers are quite ideal channels for trans- 
porting photonic qubits since they show low propagation 
losses (0.17 and 0.3dB/km at 1550 and 1310 nm, respec- 
tively). In addition, telecom wavelength based quantum 
communication demonstrations are advantageously en- 
abled by the technological advances achieved over the 
past twenty years in classical telecommunication net- 
works. Unfortunately, the easiest way to detect tele- 
com single photons, i.e., at 1310 and 1550 nm, is to use 
InGaAs-APDs that, while well adapted for classical com- 
munication, show relatively poor performance in the sin- 
gle photon regime, particularly in terms of quantum de- 
tection efficiency and dark count probability. Table I 
summarizes the large difference of performance between 
InGaAs and Si-APDs, that operate in the visible range 
of wavelength, for single photon detection. 

As a consequence, with a basic quantum channel op- 
erating at 1550 nm involving a single photon source (see 
Section II) linked to InGaAs-APDs with a fiber, one can 
easily understand, taking into account the losses in the 
fiber, that the noise figure of the detector represents the 
main limiting factor in terms of overall SNR and there- 
fore of the maximum achievable distance. In other words, 
using InGaAs-APDs enables quantum link distances on 
the order of 150 km while Si-APDs, provided wavelength 
conversion is applied, would extend the distance to about 
250 km [21, 22, 32, 158, 159]. Increasing quantum com- 
munication distances therefore amounts to improving the 
detection process, especially reducing the noise figure, 
since optical fiber technology has reached its theoretical 
limits in terms of propagation losses. Quantum commu- 
nication scientists had the idea of hybrid up-conversion 
detection which seems to be a good alternative since it 
allows, at least theoretically, to translate photons from 
the telecom range to photons in the visible range via the 
association of the SFG process and permit the use of high 
performance Si-APDs [146-156]. 

Note that another type of detector based on supercon- 
ducting nano- wires, has been developed over the last few 
years. Such detectors have shown an efficiency of up to 
50% at the telecom wavelengths for a noise comparable to 
that of the Si-APDs [176-178]. However, the implemen- 
tation of these devices is still challenging, both in terms 
of manufacturing and reproducibility, and complicated, 
both in terms of handling and operational expenses (liq- 
uid helium cooling). 



3. State of the art using integrated optics technologies 

Up-conversion, or hybrid, detectors have therefore 
been investigated in quantum communication experi- 
ments to replace InGaAs-APDs by Si-APDs (see the gen- 
eral scheme in Fig. 12). Those detectors are based on 



the supposedly noise-free process of sum-frequency gen- 
eration, or SFG, using a second order nonlinear crystal. 
Powered by an intense pump laser, this process permits 
converting, with a certain probability, the single pho- 
tons at telecom wavelengths to the visible range where 
Si-APDs operate (see Table I). To date, the literature re- 
ports up-conversion detectors having main features, i.e., 
efficiency and noise figures, comparable to that of the 
best commercially available InGaAs-APDs. However, in 
all the realizations, a pump-induced noise was always ob- 
served when the pump wavelength is shorter than the 
signal to be converted. Interestingly, the noise figure was 
initially expected to be as low as the dark count level of 
the Si-APDs. Although this additional noise affects their 
overall performance, up-conversion detectors can replace 
InGaAs-APDs in various long-distance and high-speed 
quantum cryptography schemes since they offer a contin- 
uous operation regime mode instead of the gated mode 
necessary for standard InGaAs-APDs. This permits the 
possibility of much higher counting rates, and possibly 
much shorter timing jitter depending on the employed 
Si-APD (see Table I) [22, 150, 151]. 

Many hybrid detectors for quantum communication 
experiments operating at the telecom wavelengths of 1310 
and 1550 nm have been reported in the literature. A de- 
tailed review on the recent advances in the field is given 
in Ref. [156]. These detectors are based on various pump 
schemes and different nonlinear crystals. Without being 
exhaustive, we shall present some of the more important 
realizations by grouping them in terms of combinations of 
crystal/pump laser. To understand the figures presented 
in the following, we may recall that the overall efficiency 
of a hybrid detector includes the up-conversion proba- 
bility of the SFG process which depends on the pump 
power, the detection efficiency of the employed Si-APD, 
as well as the transmission of the filtering stage. 

Even if not based on 10 technologies, a detector de- 
veloped at MIT in 2004 was perhaps the first in this 
area [146]. It was based on a laser at 1064 nm and 
pumping a PPLN bulk crystal placed in a cavity so as 
to enhance the up-conversion efficiency of photons at 
1550 nm to photons at 630 nm. The same configura- 
tion was used at the University of Urbana Champaign, 
again in 2004 [148], and at the University of Shanghai in 
2006 [153]. These three detectors exhibited very high in- 
ternal up-conversion efficiency (about 80%) however with 
a high noise level, of about 4-10^ counts/s. 
Using 10 nonlinear crystal solutions, i.e., mainly based 
on PPLN waveguides, excellent performances have been 
achieved: 

• In 2004, a realization from the University of Stan- 
ford based on a reverse PE:PPLN waveguide re- 
ported a global detection efficiency of 41% without 
specifying the noise level [147]. 

• In 2005 the same group, in collaboration with the 
NTT Japanese research group, realized a more 
complete characterization, notably by providing 
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TABLE I. Compared performance of standard InGaAs [22] and Si-APDs [22, 170] for single photon detection as well as custom 
InGaAs-APDs [22, 159, 171-175]. In addition to a significant difference in the quantum efficiencies (QE), one should note 
at least the one order of magnitude difference in the dark count (DC) probabilities, the large difference of the maximum 
achievable counting rates (CR), and the different operation regimes, z.e., free running or gated modes. Due to their high dark 
count probability, current commercial InGaAs-APDs are normally operated in a gated mode, meaning that the arrival times 
of the photons have to be known in advance. Under a continuous regime of operation, the photons' creation times remain 
unknown, implying that free-running detectors have to be employed. On the other hand, silicon-based detectors can be free 
running and, depending on the size of their active zone, can provide a timing jitter as short as 50 ps [22, 170], however with 
a maximum efficiency reduced to ^^30%. Although Si-APDs show high performance, they cannot be employed for detecting 
telecom single photons unless a wavelength adaptation of the incoming single photons is performed, for instance by means of 
nonlinear up- conversion. Custom InGaAs detectors, that are now capable of working either in free running mode [22, 159] or 
in fast gated mode [171-175], are the first glimmerings of performant telecom wavelength single photon APDs. Note that free 
running InGaAs detectors reached the market very recently [22]. Com.: Commercial; Gust.: Custom. 



APD type 


Com. Si [22, 170] Com. InGaAs [22] 


Gust. InGaAs [172] 


Gust. InGaAs [22, 159] 


Max. QE 


- 0.6 


0.1-0.2 


0.11 


0.1 


DC prob. (ns-^) 


10"^ 


10"^-10"^ 


2.3-10"^ 


-10"^ 


Max. CR (Mcounts/s) 


8 


0.15 


100 


N/A 


Oper. mode 


free running 


gated (-2 MHz) 


fast gating (1.25 GHz) 


free running 


Det. range (nm) 


400-800 


1100-1600 


1100-1600 


900-1600 


Timing jitter (ps) 


50-500 


500 


55 


100 



conversion efficiency curves and the corresponding 
noise [149] to carry out quantum cryptography ex- 
periments at 1550 nm [150]. For this experiment, 
the authors used pumps at 1310 and 1550 nm to 
convert single photons at 1550 and at 1310 nm, 
respectively, both to the final wavelength 710 nm. 
When the pump was at 1310 nm, the detector ex- 
hibited a maximum global detection efficiency of 
45% and a noise level of 8-10^ counts/s, while when 
the pump wavelength was 1550 nm, the efficiency 
was about 40% for a noise level of 2-10^ counts/s. 
In other words, they obtained almost the same effi- 
ciency with a 40 times reduction of the noise counts 
in the latter case. Here, one can appreciate the 
importance of the pump wavelength's being larger 
or smaller than the signal wavelength, on the noise 
level induced by the pump in the nonlinear process. 

• In 2006, the Geneva Group performed a complete 
characterization of a hybrid detector combining a 
pump at 980 nm and a PEiPPLN waveguide, for 
the conversion of photons at 1550 nm to photons 
at 600 nm. In this configuration, the authors ob- 
tained an overall efficiency of about 5% for a noise 
level of 5-10^ counts/s [151]. In the Geneva ex- 
periment, the pump power was reduced so as to 
minimize the noise so that a high-speed quan- 
tum cryptography experiment could be conducted 
which would otherwise not have been possible with- 
out the use of hybrid detectors. This is why the 
global efficiency and noise are an order of magni- 
tude smaller when compared to those achieved by 
the MIT group [149, 150]. However, the ratio over- 
all efficiency over noise level is the same for both 
realizations [149, 151]. 



• More recently, in 2008, the Geneva group developed 
a hybrid detector based on the same configuration 
as before but with a pump laser which can be tuned 
by utilizing a Bragg grating [154]. The hybrid de- 
tector was tunable over a wavelength range of 5 nm 
and showed features that are almost the same as 
those mentioned before [151]. 

In conclusion, additional noise appears in hybrid de- 
tectors when the pump wavelength is shorter than the 
signal to be converted. As we will see in the next sec- 
tion, the Geneva group, in collaboration with our group, 
implemented a coherent qubit wavelength-transfer ex- 
periment which was essentially noise-free since entangle- 
ment has been shown to be preserved during the up- 
conversion process [101]. As in Ref. [149], the pump 
wavelength was around 1550 nm while the signal pho- 
tons were at 1310 nm. Ref. [156], in which a systematic 
study of this noise has been carried out using a PPLN 
waveguide and a pump at 980 nm wavelength, showed 
that the process of SPDC was responsible for this back- 
ground noise. This process involves one pump photon at 
980 nm that splits into energy-correlated photons, with 
one at 1550 nm which corresponds to the signal, and one 
at 2660 nm. The noise is then due to the up-conversion 
of these "noise photons" at 1550 nm thanks to the pres- 
ence of the pump having a shorter wavelength. Unfortu- 
nately, the resulting "noise converted photons" cannot be 
filtered from the regular photons since they have exactly 
the same wavelength of 600 nm. 

Today, hybrid detectors for telecom photons show ef- 
ficiencies comparable to those of InGaAs-APDs but can 
be troubled by noise levels as explained above. Neverthe- 
less, the real progress lies in the possibility of detecting 
single photons in a continuous regime, as Si-APD's do, 
instead of a gated mode necessary for limiting the dark 
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FIG. 12. General scheme for hybrid detection based on a sin- 
gle photon source at a telecom wavelength, a pump laser, and 
an 10 wavelength converter. (1) All the components are "ide- 
ally" fibered. The incoming single photons can lie at 1550 nm, 
and the pump laser can be a standard diode laser emitting at 
980 nm. The signal and pump wavelengths are then mixed 
through a WDM and enter, for instance, a PPLN waveguide. 
Depending on the waveguide fabrication technology (PE or ti- 
tanium in- diffusion), polarization directions of the two input 
wavelengths might be adjusted thanks to polarization con- 
trollers. (2) The nonlinear crystal is temperature controlled 
so as to reach the necessary QPM condition. (3) The light 
beam at the waveguide output contains SFG photons (e.g. 
at 600 nm with 1550 and 980 nm as inputs), residual pump 
photons and non-converted signal photons. This beam is col- 
limated and then dispersed by a prism in order to separate the 
different wavelengths. Then, the SFG photons pass through 
a narrow filter centered at the SFG wavelength, allowing for 
maximum elimination of the remaining pump photons. The 
photons are then collected by an optical fiber and sent to 
an Si-APD. The number of possibilities is large regarding 
pump and signal wavelengths, as well as regarding the em- 
ployed nonlinear crystal. Although PPLN waveguides have 
been widely employed, note that there are also many realiza- 
tions based on bulk crystals, such as PPLN or PPKTP. Good 
examples are given in Refs. [146, 148, 152, 153, 155]. Figure 
extracted from Ref. [156]. 

count level in InGaAs-APD's. In addition, the detection 
rate can be much higher than that permitted by stan- 
dard commercially available InGaAs-APDs (see Table I). 
It must be noted however that InGaAs-APD's technology 
has been highly improved during the past years since the 
realization of custom devices, working in either a free run- 
ning regime or in a fast gating mode, have been demon- 
strated [22, 159, 171-175] (see Table I). These define 
new references in the field, even if not yet commercially 
available. 



B. Quantum transposition operations based on 
coherent wavelength conversion 

As mentioned earlier, quantum entanglement is widely 
recognized to be at the heart of quantum physics, with all 
its counter intuitive features. The new science of quan- 
tum information treats entanglement as a resource for 



quantum teleportation and relays, which is essential for 
the coming age of quantum technology. Yet, to be of 
any practical value, it has to be possible to manipulate 
it. Accordingly, a growing community of experimental 
physicists are working with entanglement transposition, 
especially in view of the connection of different users on a 
quantum network consisting of quantum channels along 
which photonic qubits travel [97] and atomic ensembles 
are used to store and process the qubits [43, 44]. It is thus 
timely to develop quantum information interfaces that al- 
low transferring the qubits from one type of carrier to an- 
other, ie., in the case of photonic carriers, able to provide 
a wavelength adaptation to atomic levels while preserving 
quantum coherence of the initial state [101, 162-164]. 

In 2005, the coherent transfer of a qubit from a photon 
at the telecom wavelength of 1312 nm to another photon 
at 712 nm, i.e., close to that of alkaline atomic transi- 
tions [43-45, 50, 51], was demonstrated. This opera- 
tion has been performed in a general way. The initial 
information-carrying photon (at 1312 nm), entangled in 
energy and time with another photon at 1555 nm, was 
up-converted to 712 nm. It was then verified that the 
transfer did preserve the quantum coherence by testing 
the entanglement between the received photon at 712 nm 
and the remaining photon at 1555 nm. The entanglement 
was found to be almost perfect, despite the fact that these 
two photons did not satisfy the energy conservation rule 
of Eq. 3 anymore [101]. In other words, a coherent trans- 
fer from one photon to another at a different wavelength 
does not alter the original quality of entanglement. 

This has been achieved using up-conversion, i.e., by 
mixing the initial 1312 nm single photon with a highly co- 
herent pump laser at 1560 nm in a PEiPPLN waveguide, 
as depicted in Fig. 13. The probability of a successful up- 
conversion was ~5%, including the losses due to phase- 
matching in the nonlinear waveguide and the addition 
of an interference filter centred on the resulting wave- 
length. The received single photon at 712 nm, filtered 
out of the huge flow of pump photons, and the remain- 
ing 1555 nm photon was then analyzed using two unbal- 
anced Michelson interferometers in the Franson confor- 
mation [69] {i.e., the usual setup for testing energy-time 
or time-bin entanglement). From the high quality of the 
resulting two-photon interference, we conclude that the 
fidelity of this quantum information transfer was excel- 
lent, higher than 99%. Here, the fidelity has been evalu- 
ated by using the comparison between the visibilities of 
the interference patterns obtained with and without the 
quantum transfer (more details are given in the caption 
of Fig. 13). We emphasize that this experimental result 
is very encouraging for quantum information science and 
that this improvement of the mastering of entanglement 
has been enabled by 10 technology. 

More recently, two new quantum interfaces have been 
demonstrated, utilizing the process of single photon 
down-conversion, or DFG, one by the Geneva group [163], 
and the other by a NTT Japanese research group [164]. 
The idea here is to proceed to the exact inverse oper- 
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FIG. 13. A photonic quantum interface dedicated to trans- 
ferring coherently single qubits from photons at 1310 nm, 
initially entangled with photons at 1550 nm, to photons at 
710 nm, and to demonstrating that entanglement is preserved 
through the up-conversion process. First, the source (S) pro- 
duces, by parametric down conversion in a PPLN waveguide 
(not represented), pairs of energy-time entangled photons 
whose wavelengths are centered at 1555 and 1312 nm, respec- 
tively. By means of telecommunications optical fibers, these 
photons are sent to Alice and Bob, respectively. Next, the 
qubit transfer is performed at Bob's location from a photon 
at 1312 nm to a photon at 712 nm using the SFG process in a 
PE:PPLN waveguide (PPLN/W). This crystal is pumped by 
a CW, 700 mW, and high coherence laser working at 1560 nm. 
The success of the transfer is tested by measuring the quality 
of the final entanglement between the newly created 712 nm 
photon and Alice's 1555 nm photon using two unbalanced 
Michelson interferometers and a coincidence counting tech- 
nique between detectors Da and D^. The graph shows the 
interference pattern obtained for the coincidence rate as a 
function of the sum of the phases acquired in the interfer- 
ometers ((/)A + 0s)- The corresponding visibility is greater 
than 97%. Compared to the 98% obtained with the initial 
entanglement (curve not represented), the quantum fidelity 
of this transfer is greater than 99%. Figure extracted from 
Ref. [101]. 



ation to that discussed just above, i.e., transferring co- 
herently qubits initially carried by photons in the visible 
range back to the telecom range. In other words, both 
papers, dealing with quite the same experimental proce- 
dures, propose a solution towards re-encoding qubits onto 
telecom photons after the read-out of a quantum mem- 
ory based on alkaline atomic ensembles [43, 45, 50, 51]. 
Both experiments amount to generating single pho- 
tons from an attenuated pulsed laser and to encoding 
them as time-bin qubits thanks an interferometer. Af- 
ter the single photon down-conversion is processed in a 
PEiPPLN waveguide, qubit analysis is made using either 
a fiber interferometer (see Fig. 14(a) and Ref. [163]) or 
a PLC interferometer (see Ref. [164]). The obtained re- 
sults, in terms of interfering time-bin events of the form 

(^\short) p\long) ^ + \l on g) ^1 short) , where short and 




FIG. 14. A photonic quantum interface dedicated to transfer- 
ring coherently single qubits from photons at 710 nm to pho- 
tons at 1310 nm by means of DFG. (a) Experimental set-up to 
characterize the coherence of the quantum interface involving 
an attenuated pulsed laser mimicking a single photon source 
at 1310 nm, a preparation bulk interferometer encoding time- 
bin qubits on the 710 nm photons, a pump laser at 1550 nm, a 
PE:PPLN waveguide enabling single photon down- conversion 
(or DFG), a fiber interferometer for time-bin qubit analysis, 
and a dedicated electronics that enables recording the differ- 
ence in arrival time between the pulsed laser source and the 
detection (inset, topright). (b) Quantum interface efficiency 
as a function of the 1550 nm pump power in the waveguide, 
(c) Count rates for interfering events detected by a suitable 
AND-gate for an average number of prepared single photons 
reaching unity. As the phase of the fiber interferometer is 
scanned, a net (raw) interference visibility of 96% (84%) is 
obtained. Figures extracted from Ref. [163]. 



long denote paths in the preparation (p) and analysis (a) 
interferometers, respectively, are of the same order, i.e., 
showing a net visibility of almost 96% for the Geneva 
group and of 94% for the NTT group. 

Note that the quantum interfaces discussed above are 
not limited to the specific wavelengths chosen. Indeed, 
suitable modifications of phase-matching conditions and 
pump wavelengths enable tuning the result of the up- 
conversion process to any desired wavelength. More pre- 
cisely, periodically poled waveguiding structures, as de- 
scribed above (see Sec. II B), provide the experimen- 
talists with a broad range of accessible wavelengths by 
changing the poling period and the pump wavelength ac- 
cordingly [82]. For instance, having an original qubit 
carried by a photon at 1550 nm and a pump laser at 
1570 nm would lead to a transferred qubit carried by 
a photon at the wavelength of 780 nm, i.e., that of ru- 
bidium atomic transitions [45, 50, 51]. On the other 
hand, such 10 components yield very high up- and down- 
conversion efficiencies, as widely discussed throughout 
this paper. They permit using modest reservoir powers 
to achieve reasonable qubit transfer probabilities. In the 
case of applications requiring very narrow photon band- 
widths, for instance when transferring photonic qubits 
to atoms [42-45, 50, 51], bright down-converters make 
very narrow spectral filtering possible while maintaining 
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a high photon-pair flux, with reasonable pump powers as 
described in Sec. II and in Refs. [34, 38]. 

However, although the current technology of Bragg 
grating fllters allows having photon bandwidths as nar- 
row as a few pm, this is still a limiting factor when the 
purpose is to map these photons to atomic transitions. 
Depending on the nature of the considered atomic en- 
sembles, the bandwidths are too large by one to three 
orders of magnitude. Even if the past ten years have seen 
the development of single and entangled photon sources 
of higher and higher brilliance [179], it is very impor- 
tant to note that efforts are also coming from the atomic 
side since physicists are now trying to develop broadband 
mapping of single photons as described in recent propos- 
als [48, 55, 161]. 

To conclude this section, note that photonic and 
atomic qubit mapping is of great interest since it would 
facilitate the building of quantum networks and comput- 
ers. 



V. INTEGRATED OPTICAL WAVEGUIDES 
FOR QUANTUM MEMORIES 

Improving the performance of long distance quantum 
communication, in view of building real quantum net- 
works, necessitates the development of quantum mem- 
ories. Such devices can be employed for realizing de- 
terministic single photon-sources [180, 181], for turn- 
ing quantum relays to much more efficient quantum re- 
peaters [182, 183], and for further enabling quantum com- 
putation [184-187]. A quantum repeater associates a 
memory function with a quantum relay. Thanks to this 
the desired qubit can be recalled when it is needed for 
further operations. 

Quantum memories flgures of merit are typically the 
storage time, the storage efficiency, the fldelity and the 
spectral acceptance bandwidth [53]. The efficiency rep- 
resents the probability of absorption/re-emission in the 
right temporal and spatial modes. The fldelity corre- 
sponds to the overlap between the output qubit state and 
the input one. Note that a broader spectral acceptance 
bandwidth permits increasing the speed of quantum com- 
munication links. 

In the race towards quantum memory realizations, 
many quantum storage protocols have been investigated 
and associated with a variety of possible devices. We 
flnd in the literature, among others, solutions based on 
alkaline cold atom ensembles associated with Electro- 
magnetically Induced Transparency (EIT) [160] or with 
the DLCZ protocol [40, 96], atomic vapors associated 
with off-resonant two-photon transitions [161], ion-doped 
crystals associated with photon echo or atomic frequency 
combs [49, 188], etc. The reader can flnd very pertinent 
review papers in this fleld in Refs. [52, 53, 189]. 

These combinations offer various interaction wave- 
lengths and linewidths, ranging from the visible to the 
telecom band, and from a few MHz to almost 5 GHz, 



respectively. In any case, both the wavelength and band- 
width of paired photons from sources as described in Sec- 
tion II must be adapted to the considered storage device 
and protocol. In particular, an additional filtering stage 
has to be employed in order to reduce the bandwidth by 
at least two orders of magnitude. This can be done by us- 
ing a Fabry- Perot cavity, provided the pump laser power 
is increased to some extend so as to recover an accept- 
able pair production rate within the limit of the consid- 
ered experiment regarding the created mean number of 
pairs (should be <1) per relevant time window [103, 190]. 
This is where the advantage of integrated nonlinear optics 
schemes lies in terms of efficiency. While a few hundreds 
of mW of pump power should be enough, one has to pay 
extra attention to double pair emission within the time 
detection window that could lead to a decrease of the 
entanglement quality. 

Quantum memory solutions based on ion-doped crys- 
tals, working at cryogenic temperatures (several K), 
have been investigated using 10 configurations. Histori- 
cally, the first implementation was proposed by Hastings- 
Simon and collaborators, where they studied the Stark 
effect in Er^+-doped TiiLiNbOs waveguides [46, 47], and 
proved the suitability of the scheme for solid state quan- 
tum memory protocols based on Controlled Reversible 
Inhomogeneous Broadening (CRIB) [191-193], which is 
an extension of the photon echo technique showing bet- 
ter efficiency and fidelity. Storage times of 1 to 2 fis 
were demonstrated and a possibility of extending this to 
6 /is discussed while the acceptance bandwidth is main- 
tained at 125 MHz. This solution is fully compatible with 
standard telecommunication networks since an operation 
wavelength of 1550 nm can be directly mapped to the 
transition (^/i5/2 ^3/2)- Moreover, the Er^+ ions 
are embedded in a 10 waveguide enabling input and out- 
put fiber pigtails. 

Two recent papers reported on the characterization of 
Ti:Er:LiNb03 waveguide devices operated with stimu- 
lated photon-echo, suitable for implementation of solid- 
state quantum memories. Details of the photon-echo op- 
eration principle can be found in [53, 194]. The first 
experiment demonstrated the possibility of storing the 
amplitude and phase of two subsequent coherent pulses 
is depicted in Fig. 15 [47]. 

Two pulses are sent to the memory after a strong write 
pulse. Then a read pulse is used to retrieve the stored 
information, the relative times between the read pulse 
and the echo emissions being the same as the relative 
times between the write and data pulses. To observe 
interference, two read pulses are sent to the memory 
with a time difference equivalent to the delay between 
the two data pulses. This pulse sequence configuration 
gives three echoes, but the second one is initiated by two 
contributions that are overlapping, ie., the second data 
pulse emitted by the first read pulse and the first data 
pulse triggered by the second read pulse. An interference 
pattern is observed thanks to the modulation of the phase 
carried by either the data or the read pulse. In this case. 
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FIG. 15. Illustration of the pulse sequence used for time- 
bin pulses interference in a TiiEriLiNbOs waveguide memory. 
Figure extracted from Ref. [47]. 
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FIG. 16. Illustration of the waveguide geometry for imple- 
menting a solid-state quantum memory, in which the different 
composition layers are depicted. The measured Tm concen- 
tration profile is given on the left and the calculated inten- 
sity distribution of the fundamental TM-mode at the 795 nm 
wavelength is shown below. Iso-intensity lines are plotted cor- 
responding to 100%, 87.5%, 75% and so on of the maximum 
intensity. Figure extracted from Ref. [55]. 



the obtained visibilty reaches 100%. This experiment 
demonstrates a proof of the phase and amplitude preser- 
vation of two subsequent coherent pulses and the possibil- 
ity of adjusting the phase. The second experiment, based 
on the same technology as before, demonstrated the co- 
herent storage of the relative phase between two pulses in 
two independent quantum memories, each placed in an 
arm of a fibered Mach-Zehnder interferometer [46]. The 
phase in the interferometer could be modulated using 
a piezo-electric device, leading to an interference pattern 
showing a visibility of 90.5%, and therefore proving phase 
preservation over the storage, and indistingishability of 
photon echoes. 

Very recently, a thulium-doped LiNbOa waveguide has 
been investigated as an alternative to the TiiEriLiNbOa 
through a Calgary/Paderborn collaboration [55, 195]. 
With such a device, shown in Fig. 16 the thulium (Tm^+) 
transition of interest is at 795 nm and the authors showed 
that the related transition has an optical coherence of 
1.6 /is at a cooling temperature of 3 iiT. A storage time 
of up to 7 ns was demonstrated. The authors showed the 
coherent storage of time-bin entangled photons with a 
photon-echo quantum memory protocol. Thanks to this 
Tm-doped waveguide, they showed a broadband stor- 
age photon bandwidth of 5 GHz, which corresponds to 
an increase by a factor 50 when compared to earlier 
published results for solid-state quantum memory de- 
vices. This now compares well with systems based on 
atomic vapours, such as the ones demonstrated by the 
Oxford group [48, 161]. Last but not least, they ob- 
tained an input /output entanglement fidelity or more 
than 95%. This realization emphasizes why solid-state 
quantum memory devices based on 10 technology, and 
especially ion-doped Ti-indiffused waveguides, could play 
a leading role in future quantum memory development 



implementing photon-echo based protocols. 

Although not based on a waveguide device, but pub- 
lished at the same time as the previously discussed real- 
ization, note that the Geneva group reported the demon- 
stration of entanglement between a photon at a telecom- 
munication wavelength (1338 nm) and a single collective 
atomic excitation stored in a bulk crystal [56]. The quan- 
tum memory was made of a 1-cm-long Nd:Y2Si05 crys- 
tal, i.e., impurity-doped with neodymium ions having a 
resonance at 883 nm with good coherence properties and 
based on a photon-echo-type interaction using an atomic 
frequency comb (AFC). One photon at 883 nm, from an 
energy-time entangled pair, has been mapped onto the 
crystal and then released into a well-defined spatial mode 
after a predetermined storage time while the complemen- 
tary telecom photon was sent directly through a 50 m 
fiber link to an analyser. Successful storage of entan- 
glement in the crystal was proven by a violation of the 
Bell-Clauser-Horne-Shimony-Holt inequality [64] by al- 
most three standard deviations (S = 2.64 ± 0.23). The 
storage time ranged from 25 to 200 ns. 

As was the case for the previous discussed demonstra- 
tion, although operating at cryogenic temperatures, these 
results [55, 56] represent an important step towards quan- 
tum communication technologies based on solid-state de- 
vices, in particular for building multiplexed quantum re- 
peaters for long-distance quantum networks [182]. 
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VI. INTEGRATED OPTICAL TECHNOLOGIES 
FOR QUANTUM COMPUTING BASED ON 
LINEAR OPTICS 



Quantum Information Science (QIS) aims at harness- 
ing quantum mechanical effects to develop quantum sys- 
tems that will deliver significant improvements in infor- 
mation processing [3-5] , such as exponentially faster fac- 
toring and simulations and quadratically faster data base 
searches. 

However, a significant hurdle for systems that are more 
complex than "simple quantum communication" is real- 
izing interactions between two photons, in order to gen- 
erate entangled states and to perform logic operations. 
Such interactions would require giant optical nonlineari- 
ties, stronger than those available in conventional nonlin- 
ear media. This leads to the consideration of EIT [196], 
and atom-cavity systems [197], although both of which 
present major technical challenges. In 2001, a ma- 
jor breakthrough known as the KLM (Knill-Lafiamme- 
Milburn) scheme showed that scalable quantum comput- 
ing is possible using only single-photon sources and de- 
tectors, and linear optical circuits [6]. Since then, we 
have seen many experimental proofs-of-principle of two- 
qubit gates [7-9], as well as demonstrations of simple 
error-correcting codes [198, 199], and simple quantum al- 
gorithms [200, 201]. 

Most of the demonstrations of photonic quantum tech- 
nologies described above have relied on large-scale opti- 
cal elements (such as beam-splitters and mirrors) bolted 
to room-sized optical tables, with photons propagating 
through air as shown in Fig. 17. Moreover, these ap- 
proaches do not offer miniaturisation and scalability that 
photonic QIS will require. On-chip optical waveguides 
hold great promise: near-perfect mode overlap; no opti- 
cal interfaces (the major contributor to loss); miniaturi- 
sation and hence scalability; and the promise of integra- 
tion with single-photon sources and detectors, and have 
begun to be implemented. 

Because the scheme proposed by KLM and most of 
the integrated gates reported in the literature are based 
on spatial qubit encoding, we start by providing a short 
introduction to this and then take a look at some rel- 
evant examples. In this context, we first focus on the 
realization of a probabilistic CNOT gate since it is an 
elementary building block allowing the realization of a 
general purpose quantum computer. In a second part, 
we detail a more advanced 10 quantum circuit consisting 
of several one- and two-qubit gates that was recently used 
to perform a compiled version of Shor's quantum factor- 
ing algorithm [14, 202]. Finally, we describe a particular 
experiment of the quantum random walk since it clearly 
highlights the kind of realization that only 10 systems 
can enable. 
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FIG. 17. Schematic of the KLM CNOT logic gate (a) and 
its folded realization with bulk optics (b). Figures extracted 
from Ref. [9]. 



A. Spatial encoding to create qubits 



In linear optical quantum computing, the qubit of 
choice is usually taken to be a single photon that can pop- 
ulate two different modes coherently: |0)^^^-^ = |l)Q(g)|0)-L 
and l'^) logic — |0)o where each ket corresponds 

to a spatial mode and indicates the number of photons 
occupying the mode. This is called a dual-rail qubit. 
For instance, when the two modes represent the internal 
polarization degree of freedom of the photon |0)^^^^^ = 



\l)H®mv = \H) and |1) 



logic 



1 



speak of a polarization qubit [203]. In this review we 
will reserve the term "dual rail" for a qubit with two spa- 
tial modes. Here the two modes are two channels and 
it is important to remember that these two representa- 
tions are mathematically equivalent and we can physi- 
cally switch between them using polarization beam split- 
ters (see Fig. 18 for some graphical examples). 

10 is particularly suitable for spatial encoding schemes 
since it allows implementing many channels that can be 
made to switch, recombine or interfere at specific loca- 
tions. Other favourable aspects of the 10 implementation 
are: 
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FIG. 18. Qubit spatial encoding, (a) and (b) There are two 
channels, labelled and 1, enabling the encoding of a qubit on 
one spatial mode of the chip, (c) A simple beam-splitter al- 
lows producing the coherent superposition state . (d) 
Transformation of a polarization qubit to spatial qubit. 



• The compactness and the monolithic construction 
of the chip ensure negligible phase drift between the 
channels during propagation; 

• A spatial Hadamard gate, which is crucial for quan- 
tum processing, is a simple 50/50 directional cou- 
pler that was realized with 10 technology over 30 
years ago [204]. 

On the other hand, the natural birefringence of such 
waveguides usually complicates using polarisation encod- 
ing since the decoherence of the qubit is faster than the 
propagation time along the circuit and would required an 
integrated correction stage. 



B. CNOT gates 

A major difficulty for optical quantum information 
processing is the realization of two-qubit-entangling logic 
gates. The canonical example is the controlled-NOT 
(CNOT) gate, which flips the state of a target qubit only 
if the control qubit is in the state '1'. This is the quantum 
analogue of the classical XOR gate. Following Fig. 19, 
the two optical paths that encode the target qubit are 
combined at a 50/50 directional coupler, and the output 
is then combined at a second coupler to form a Mach- 
Zehnder interferometer. The logical operation of this de- 
vice leaves the qubit unchanged: |0) |0); |1) |1). 
If, however, a phase shift is applied inside the interfer- 
ometer (such that |0) + |1) |0) — |1)) the target qubit 
undergoes a "bit-flip", or NOT operation, |0) ^ |1). A 
CNOT gate must therefore implement this phase shift if 
the control qubit is in the '1' path. 

Remarkably, the use of an unbalanced directional cou- 
pler {t] = 1/3), within which two photons can interfere, 
leads to the right phase shift and is called a CZ gate. 
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FIG. 19. (a) Conceptual schematic of a CNOT logic gate, 
and (b) its realization as an integrated chip based on KLM 
proposal. The KLM gate is probabilistic (1/9) and Va, Vb 
are unused ports which are required to ensure that the global 
success rate remains 1/9. Figures extracted from Refs. [16, 
205], respectively. 



but the price to be paid is a probability of success of 
1/9. This is basically the principle of the CNOT gate 
demonstrated in 2010 by a Bristol team [16]. When con- 
sidering the chip of Fig. 19, one has to note the presence 
of two additional 1/3-couplers (at the top and bottom) 
to balance the losses and ensure the unitarity of the gate. 
The authors used an SOS waveguide circuit. Waveguides 
are brought within several /im proximity to realize direc- 
tional couplers whose reflectivity r] can be controlled via 
the length of the coupling region. 

Standard SOS optical lithography fabrication tech- 
niques allows obtaining a refractive index contrast of 
Sn = 0.5% to give single-mode operation at 804 nm for 
3.5 by 3.5 fim waveguides which are comparable to the 
core size of conventional single-mode optical fibers at 
800 nm, and allows good coupling of photons to fiber- 
pigt ailed single-photon sources and detectors. The sepa- 
ration of the waveguide in the coupling region was cho- 
sen to be 4 /im. This value, in combination with the 
values of the refractive indices of the core and cladding 
and dimensions of the core, give a coupling length of 
Lc = 3100 /im. The value of the radius of curvature 
of bends R = 15000 /im was chosen to satisfy the re- 
quirements of keeping the devices compact and minimize 
losses. The sample is few centimeter- long and exhibits 
losses of typically ~0.1 dB/cm while the overall coupling 
efficiency was shown to be around 80% in and out of the 
device. 

The two-photon interference on such a device when 
the coupling ratio of the coupler was choosen to be 
T] = 0.5 has shown quantum interference visibility of 
0.995 ± 0.004. When switching to the full CNOT cir- 
cuit, they have measured using quantum tomography 
the truth table of the device and obtained a fidelity of 
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0.969 ± 0.002 with ideal output of the CNOT operation. 

Using the same technology, it is possible to build some 
more complex circuits by interconnecting a few CNOT 
gates together, as presented in the following section. 



C. Shor's Quantum Factoring Algorithm 

If not the most demanding, the experimental demon- 
stration of Shor's algorithm had a large impact. This 
algorithm was the first that actually suggested the poten- 
tial of quantum computing for an applied task: factoring 
the product of two prime numbers exponentially faster 
than any known conventional method [202]. Its full ver- 
sion is designed to factor ise any given input. However, 
for the presented proof-of-principle demonstration [206] 
(and all previous ones based on bulk optics [201] or nu- 
clear magnetic resonance [207]), it is a compiled version 
of the algorithm which is used. This means that it only 
works for a given input: 15. Even if it is a much simpler 
algorithm that only requires 4 qubit inputs experienc- 
ing 2 CZ gates and 6 additional Hadamard gates, it is 
still a demonstration of a small scale device constituting 
the embryon of, hopfully, much more complex large-scale 
devices. 

In more detail, the chip, depicted in Fig. 20, imple- 
ments the quantum order-finding routine that enables it 
to factor ize N = pq. This quantum routine finds the or- 
der of a mod pq, defined to be the smallest integer r that 
satisfies = 1 mod pq. It is then straightforward to find 
the prime factors from the order with a classical com- 
puter. For the case discussed here, the authors choose 
a = 2, the quantum routine finds r = 4, and the prime 
factors p and q are given by the greatest divisor common 
to ±1 and TV, which leads to 3 and 5, respectively. 
This is the circuit demonstrated in Ref. [206]. 

Such a device needs two photon-pair sources at its in- 
put and produces a valid output (99±1% fidelity) when- 
ever a fourfold coincidence occurs between the gates xi, 
/i, X2, and /2. In the experiment the coincidence rate 
was about 100 Hz and the desired four- fold coincidences 
occurred with the expected 1/9 probability. The high 
quality of the results shows the successful implementation 
of a small-scale quantum algorithm. It demonstrates the 
feasibility of executing complex, multiple-gate quantum 
circuits involving coherent multiqubit superpositions of 
data registers. 

To further demonstrate the potential of integrated pho- 
tonics for quantum processing, we now present an exper- 
iment that was only feasible using 10 waveguides. 



D. Quantum random walk circuit 

It has been theoretically proven that Quantum Ran- 
dom Walks (QRW) [208] allow the speed-up of search al- 
gorithms [209, 210] and the realization of universal quan- 
tum computation [211]. A QRW can be implemented via 




FIG. 20. Shor's quantum factoring algorithm on a photonic 
chip. Figures extracted from Ref. [206]. 
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FIG. 21. Quantum Random Walk on a photonic chip. Figures 
extracted from Ref. [214]. 



a constant splitting of photons into several possible sites. 
Basically, chaining 50/50 beam-splitters is the best way 
to simulate a QRW but the price to be paid is the quickly 
growing size of the set-up. Considering that the major 
challenge is the need for a low-decoherence system that 
preserves the nonclassical features of the photons, up to 
now the largest realization using bulk optics was limited 
to a 5 layer system [212, 213]. 

The basic idea could be to use the same SOS structures 
as described previously for the Shor algorithm. However, 

— 

the low refractive index contrast {S = ^o^^^^^^^^ddirig ^ 

0.5%) in this architecture results in a large minimum 
bend radius (< {).ldB loss at 800 nm) of ~15mm, mak- 
ing it unsuitable for coupling into and out of large-array 
quantum walk devices. A solution is to use SiOxNy (sil- 
icon oxynitride), a material that enables a much higher 
refractive index contrast than SOS, resulting in more 
compact devices and a practical means to realize large 
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FIG. 22. Size and complexity comparison of (a) bulk op- 
tics [212], (b) semi-fibred [213] and (c) integrated [214] QRW 
experiments. It also has to be noticed that setup (a) and 

(b) only implement 5 layers of random walk, whereas setup 

(c) managed to integrate 21 layers of random walk. Figures 
extracted from Refs. [212-214], respectively. 



coupled waveguide arrays that can be coupled to optical 
fibers. The device shown in Fig. 21 is a 5-mm-long sil- 
icon chip with SiOxNy waveguides with high refractive 
index contrast A = 4.4%. The minimum bend radius for 
this index contrast is 600 /im, which enables much more 
rapid spreading of the waveguides before and after the 
evanescent coupling region. In the coupling region the 
waveguides are separated by 2.8 /im, whereas at the in- 
put and output of the chip they are separated by 250 and 
125 jam for photon injection and collection, respectively, 
imposed by standard fiber arrays. 

The device, demonstrated in 2010 by the Bristol team, 
merges, on a single chip, 21 continuously evanescent ly 
coupled waveguides (represented on the right side of 
Fig. 21) which allows advancing the physics of the imple- 
mentation of a QRW. Using such a chip, the author were 
able to test classical random walks using single photons 
and QRWs using photon-pairs prepared in various entan- 
gled states in order to fully explore the physics under- 
lying QRW. From the measurement point of view, they 
compare theoretical output results with the experimental 
ones and have shown an agreement of more than 0.90. 

Note the reduction of size that the 10 random walk 
scheme allows compared to bulk and semi-fibred solu- 
tions, respectively, as depicted in Fig. 22. 

E. 3D circuits and further directions 

3D waveguide technology allows the realization of pre- 
viously unfeasible waveguide circuits such as quantum 
random walks on a ring. In 2010, an Australian group 
from Macquarie has created an integrated photonic wave- 
guide network [215] using the laser direct- write fabri- 
cation technique. This architecture exploits the unique 
three-dimensional advantage which the direct-write fab- 
rication technique has over the lithographic approach, 
albeit at the price of linear, as opposed to parallel, pro- 
cessing of the chip. Six parallel waveguides are created in 
a tubular array, as shown in Fig. 23. In terms of compari- 
son, such a structure has a coupling network equivalent to 
approximately 96 bulk optics beam splitters but are com- 




FIG. 23. Quantum Random Walk on a 3D photonic chip, 
(a) Image of a six-waveguide tube with a single stage fan-in 
section, (b) Picture of the waveguides, (c) Beam profiles of 
the six waveguide when injecting light in one of each. Figures 
extracted from Ref. [215]. 

pressed to span a physical distance of merely 20-22 mm. 

Finally, we conclude this aspect of the review with 
a recent proposal towards achieving deterministic quan- 
tum processing [216]. The scheme proposes mixing spa- 
tial and polarization encoding using Ti-indiffused chan- 
nel LiNbOs waveguides. Contrary to previously dis- 
cussed chips with spatial qubits encoded over several sin- 
gle mode waveguides, the authors theoretically investi- 
gate the use of modal and polarization qubits within a 
two-mode waveguide. They show that basic transforma- 
tions of modal qubits are possible such as mode rotators 
and the modal Pauli spin operator a^. Based on those 
tools, they describe the design of a deterministic^ two- 
qubit, single-photon CNOT gate. 



VII. PERSPECTIVES AND CONCLUSIONS 

One of the major directions for future development 
is clearly increased functional integration. Such inte- 
gration could help resolve the continued problem of in- 
put / output coupling losses but certainly not solve it com- 
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FIG. 24. (a) 3-D representation of a quantum relay chip made 
for extending one-way quantum cryptography systems, (b) 
Schematics of the quantum relay chip with its two electro- 
optically controllable couplers Ci and C2. Di and D2 are two 
detectors responsible for the Bell state measurement (BSM). 
At the end of the quantum channel, Bob's detector is triggered 
by the AND-gate (&) placed after these two detectors. 



pletely. Hopefully, as integrated quantum optical compo- 
nents begin to enter the real world, a much larger effort 
will be applied to this technical issue. There is no fun- 
damental reason preventing a solution to this problem. 

As an example of higher integration, we will discuss 
a quantum relay chip applicable to long-distance quan- 
tum communication. In this case, 10 on lithium niobate 
permits realizing a telecom-like quantum relay chip that 
could provide the relay function, in a compact, stable, ef- 
ficient, and user- friendly fashion. Figure 24 presents two 
schematics of a chip designed and fabricated in our group 
on which all the necessary optical functions are merged 
for implementing teleportation on-a-chip. We will now 
discuss how this chip works. 

Let's suppose there's an unknown qubit 1, encoded on 
a photon at 1535 nm and travelling along a fiber quan- 
tum channel connected at port A to the relay chip. At the 
same time, a photon from a laser pulse at 765 nm, syn- 
chronized with the arrival time of qubit 1 , enters through 
the non-linear zone of the chip which consists of a wave- 
guide integrated on PPLN. Thanks to the appropriate 
choice of the periodic poling grating period (here around 
16 /im), this pump photon can be converted by SPDC 



into an entangled pair of photons (2 and 3) whose wave- 
lengths are also centred at 1535 nm. Then, the first 50/50 
directional coupler (Ci) is used to separate the created 
entangled photons in such a way that photons 1 (sent by 
Alice) and 2 arrive at the same time at the second 50/50 
coupler (C2). If conditions on the polarization states, 
central wavelengths, and coherence times are met, pho- 
tons 1 and 2 can be projected onto one of the four entan- 
gled "Bell states" (BSM). The resulting state is identified 
by detectors Di and D2 placed at the output of the chip. 
As a result of this measurement, the qubit initially car- 
ried by photon 1 can be teleported to photon 3 that exits 
the chip at port 5, in theory without any loss of its quan- 
tum properties. This is made possible since photon 3 was 
initially entangled with photon 2. As a consequence the 
resulting electrical trigger is not only the signature of the 
presence of the initial carrier at the relay chip location 
but also of the departure of a new one encoded with the 
same qubit state that remains unknown. 

From a practical point of view, when this teleporta- 
tion process is repeated on all the qubits travelling along 
the quantum channel, we obtain, at the output of the 
chip, qubits again encoded on photons at 1535 nm. But 
now, each arrives synchronized with an electrical signal 
given by the BSM at detectors Di and D2 which allows 
triggering Bob's detectors at the end of the channel and 
therefore increasing both the SNR and the communica- 
tion distance. 

On the technological side (see Fig. 24), the chip 
features a photon-pair creation zone, two 50/50 cou- 
plers, and segmented tapered waveguides [217] at all in- 
put/output ports to maximize the mode overlap between 
the fibers and the waveguides at the particular wave- 
length of 1535 nm. The waveguiding structures, obtained 
using soft proton exchange, enables light propagation 
with low losses (!::^0.3 dB/cm) and a very high conversion 
efficiency in the PPLN zone thanks to strong light con- 
finement over a cm- long distance {Sn :^ 2.2 • 10~^). The 
directional couplers Ci and C2 consist of two waveguides 
integrated close to each other over mm- long distances. 
If the spacing is sufficiently small, energy is exchanged 
between the two guides. An electro-optical control of 
the coupling ratio is made using deposited electrodes en- 
abling switching from to 100% coupling ratios and re- 
configurable operation. To correctly separate photons 2 
and 3 and entangle 1 and 2, the two couplers are set to 
the 50/50 ratio. 

We proceeded to both classical and quantum character- 
izations of the chip in the single photon counting regime. 
We could verify that the PPLN zone emits paired photons 
around the 1535 nm desired wavelength, that the two cou- 
plers can actually be set at the 50/50 ratio, and that the 
input /output insertion losses, including in and out cou- 
pling, straight and bending propagation losses are about 
7dB. Quantum experiments using a single photon input 
at the upper-left input port and pumping synchronously 
with a mode-locked laser at 765 nm are underway. 

Others majors directions include the integration of 
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cavities and photonic crystal structures with quantum 
dots [73, 74], NV centers in diamond [72], and the devel- 
opment of silicon nano-wire quantum devices [120-122]. 

In conclusion, the impact of Integrated Optics on mod- 
ern quantum optics has been considerable. Demonstra- 
tion of 10 applications to quantum sources, detectors, 
interfaces, relays, memories, repeaters and linear optical 
quantum computing have been described in this review. 
By their inherent compactness, efficiencies, and inter con- 
nectability, many of the demonstrated individual devices 
can clearly serve as building blocks for more complex 
quantum systems, that could also profit from the incor- 
poration of other guided wave technologies. Elementary 
implementations of on-chip integration has begun and 
should be greatly expanded in the future. While the in- 
put and output coupling continues to remain a difficult 
problem for integrated optics, the continuing evolution 



of these developments, as well as the incorporation of 
recently presented new technologies, such as nano-wire 
waveguides and photonic crystal circuits, should add con- 
siderable impetus to this rapidly evolving field. 
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